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I. Abstract
The program package ROXIE [1] has been devel-
oped at CERN for the design and optimization of
the superconducting magnets for the LHC. The
necessity of extremely uniform (coil dominated)
ﬁelds in accelerator magnets requires very accu-
rate methods of ﬁeld computation. For this pur-
pose a coupled boundary-element / ﬁnite-element
technique (BEM-FEM) is used [2]. Quadrilateral
higher order ﬁnite-elements are used for the dis-
cretization of the iron domain. This is necessary
for the accurate modeling of the iron contours
and is favorable for 3D meshes. A new quadri-
lateral mesh generator using geometrically opti-
mized domain decomposition which was developed
at the University of Stuttgart, Germany [3] has
been implemented into the ROXIE program pro-
viding fully automatic and user friendly mesh gen-
eration. The frequent application of mathemat-
ical optimization techniques requires parametric
models which are set-up using a feature-based ap-
proach. The structure of the magnet cross-section
can be modeled using parametric objects such as
holes of diﬀerent forms, elliptic, parabolic or hy-
perbolic arcs, notches, slots, etc.. Investigations of
the speed-up of the computations due to geometri-
cally optimized meshes will be presented. For sen-
sitivity analysis, point based morphing algorithms
are applied to the generated mesh.
II. Introduction
The design of the superconducting LHC magnets is
dominated by the requirement of an extremely uniform
ﬁeld, which is mainly deﬁned by the layout of the su-
perconducting coils. The ROXIE program package was
therefore developed at CERN for the design and opti-
mization of the LHC magnets and includes the method
of coupled boundary/ﬁnite-elements (BEM-FEM), which
was developed at the University of Stuttgart, Germany [2],
and which is specially suited for the calculation of 3-
dimensional eﬀects in the magnets. The advantage of this
method is that the coils do not need to be represented in
the ﬁnite-element mesh and can therefore be modeled with
the required accuracy.
The iron yoke with its non-linear magnetization behav-
ior is modeled with ﬁnite elements (FEM) and couples
to the boundary element domain (BEM) on the common
boundary between iron and air. Simplex elements (trian-
gles in 2D, tetrahedra in 3D) have the disadvantage that
curved shapes can only be modeled by polygonal approx-
imations. The advantage of a higher order approximation
of the potentials may be lost due to a rather rough geomet-
ric approximation. An alternative are the isoparametric
quadrilateral elements which have curved sides. Numeri-
cally unfavorable prisms can be avoided when the geome-
try is simply extruded into the third dimension. However,
automatic mesh generators for these elements have only
very recently been developed [4].
A new mesh generator based on geometrical domain
decomposition, which was developed at the University
of Stuttgart, Germany [3] has been implemented in the
ROXIE program package. The following extensions have
been recently added.
1. Extension of the method to 8 noded (higher order)
quadrilateral elements.
2. Parametric input for the deﬁnition of design variables
for the mathematical optimization.
3. Implementation of design features for the deﬁnition
of material boundaries.
4. Modular magnet-geometry input by means of the
GNU m4 macro language.
5. A morphing algorithm for optimization and sensitiv-
ity studies which avoids re-meshing and changing of
mesh topologies during optimization.
The method is now available in the ROXIE 8.0 version.
This report gives a short description of the input syntax
and presents the ﬁeld quality calculations for the prototype
and pre-series LHC dipole magnets.
III. The mesh generator
The quadrilateral mesh generator implemented in
ROXIE 8.0 relies on the method of geometrical domain
decomposition [3].
In a ﬁrst step the input geometry (see Fig. 1 (a)) is
decomposed into areas that are topologically equivalent to
disks, i.e. holes are eliminated (see Fig. 1 (b)). Figure 1 (c)
shows the result of the geometric domain decomposition.
The exact position of the cuts is optimized by minimiz-
ing a function that depends on the ratios l2/A, l/U , and
the angles of the old and the newly created areas, where
l is the length of the cut, A stands for the cut area, and
U is the circumference of the cut area. This decomposi-
tion is continued until the remaining areas are regarded as
“simple”1. These areas are then “ﬁlled” with quadrilater-
als using a modiﬁed paving strategy [5]. In this approach
an area is “ﬁlled” from outside to the inside by adding
full rows of rectangles. The ﬁnite-element mesh obtained




Fig. 1. The diﬀerent steps of the quadrilateral mesh generation using
geometrical domain decomposition. Plot (a) shows the input contour
polygon, (b) the geometry after the topology decomposition, (c) the
geometrically decomposed geometry and (d) the ﬁnite-element mesh
before smoothing.
The main diﬀerence to former methods is, that in older
works the geometrical domain decomposition has been car-
ried on until the remaining areas only consisted of 6 nodes.
For the rather ﬁne meshes that have to be used for magnet
optimization, this strategy would be too time consuming.
The time consumption of the decomposition of an area
with m contour points grows with O(m3) [3] if an area
gets cut into half each time, or is proportional to m4 if
only small pieces of 4 nodes are cut away (worst case).
This shows the importance of minimizing l2/A during the
decomposition. In contrast to that, the time consumption
for ﬁlling “simple” areas with quadrilateral meshes grows
with O(m2) [3] demonstrating the superiority of the ap-
plied method for complicated geometries (i.e. large m).
Finally, smoothing algorithms are applied. A linear
combination of Laplace-smoothing, edge-smoothing and
angle-smoothing is used to enlarge small angles, to reduce
1Areas are regarded as “simple” when they are “similar” to tri-
angles or rectangles, see Fig. 1 (c) and [3].
large angles, and to increase short distances between mesh
points by leaving the topology unchanged.
Since the mesh generator described above produces ﬁ-
nite elements with 4 nodes, the middle points of the ﬁnite-
element edges are inserted according to their position on
arcs, circles, etc. during post processing and 8-noded
(higher order) quadrilateral elements are produced which
are necessary for three dimensional BEM-FEM [2].
IV. The modeling of the magnets
The new quadrilateral mesh generator is invoked by the
keyword “HyperMesh;” at the beginning of the iron ﬁle2.
For a more detailed description of the input syntax see [6].
The geometry has to be described with key-points which
are connected by lines. In order to facilitate the geometry
input line macros (using the “HyperLine” command) are
supplied that include all conic sections, circular, rectan-
gular and elliptic holes as well as diﬀerent design features
such as notches, bars and corners. These macros are easy
to use and only a few meaningful parameters have to be
user supplied. They allow a very precise modeling of the
exact magnet geometry.
In any case, the parametric deﬁnition of key-points and
lines can be done using FORTRAN type syntax that al-
lows for all the standard functions and dependences. The
symbols used for the deﬁnition of key-points and lines can
be addressed as design variables for the optimization pro-
cess.
Areas have to be deﬁned with the “HyperArea” com-
mand by listing all the lines enclosing them. One entirely
new concept for the mesh generation of ROXIE are holes
within area elements. They have to be declared using the
“HyperHoleOf” command.
The number of subdivisions for the contour lines can be
set using the “Lmesh” command. In this way the density
of the mesh can easily be adjusted to the geometry.
Using the GNU m4 macro package, magnetically rele-
vant parts of the magnet (e.g. yoke, collar, inserts, cryo-
stat, beam-screen etc.) can be modeled in diﬀerent iron
ﬁles and can then be linked with the “include” command.
In such a way it is easy to switch “on” and “oﬀ” certain
parts of the geometry. In the same way, it is possible to
re-use parametric models for diﬀerent magnet variants.
V. Results of the LHC main dipole
As an example for the abilities of the mesh generator the
LHC main dipole magnet was recalculated for the latest
geometry of the iron yoke3. This model takes into consid-
erations all the changes to the yoke and insert geometry
which have been incorporated since the end of 1998.
One big advantage of the new mesh generator is the pos-
sibility to adapt the density of the mesh to the gradients
of the ﬁeld. Figure 2 shows the meshed iron yoke, the
2The iron ﬁle serves as an input ﬁle to ROXIE, providing the data
describing the iron geometry (e.g. the iron yoke and the insert).
3The geometry was modeled according to [7].
insert, and the collar (stainless steel) for the BEM-FEM
ﬁeld calculation. The mesh density can easily be changed
by modifying the subdivisions on the contour lines.
The calculations were performed for a number of current
levels between injection and nominal ﬁeld level (up-ramp
cycle) including the calculation of persistent currents in
the superconducting ﬁlaments as described in [8]. The
relative permeability µr of the stainless steel collar is as-
sumed to be 1.0025. Figure 3 shows the relative multipole
errors bn at a 17 mm reference radius in units of 10−4 ·B1
and the main ﬁeld component B1 in Tesla. The non-linear
behavior of the relative ﬁeld components b3 and b5 for low




Fig. 2. Finite element mesh of the LHC main dipole iron yoke (A),
insert (B), and stainless steel collar (C) created with the new mesh
generator.
Figure 4 presents a plot of the z-component of the vec-
tor potential Az in the iron yoke and Fig. 5 shows the
modulus of the magnetic induction |B|. Both plots have
been calculated for nominal ﬁeld level (I = I0 = 11800 A,
main ﬁeld component B1 = −8.325 T).
VI. Parameterization for optimization and
sensitivity studies
In order to make the new mesh generator applicable
for optimization and sensitivity studies, the ﬁnite element
meshes have to be “parameterized”. If design variables
that determine the iron geometry change, also the mesh
has to change. For accuracy reasons such changes of
the mesh should be rather smooth. Consequently small
changes of the geometry should cause only small shifts of
the mesh but keep the mesh topology unchanged.
A. Re-meshing
One easy way to realize mesh changes with updated iron






















1 * B2 * 10
4
 / B1 * T
1 * B3 * 10
4
 / B1 * T
10 * B4 * 10
4
 / B1 * T
10 * B5 * 10
4
 / B1 * T
Fig. 3. Load line of the LHC main dipole including the eﬀect of
persistent currents in the superconducting ﬁlaments [8]. The main






















Fig. 4. Vector potential A (z-component) in the iron yoke and the
stainless steel collar at nominal ﬁeld level.
mesh each time. Investigations of the evolution of the
mesh during a parameter study and its impact on the ﬁeld
harmonics showed that this solution is only little satisfying
since changes in the mesh topology and hence discontinu-
ities of the ﬁeld harmonics have been observed.
Figure 6 shows the evolution of the relative quadrupole
component b2 as a function of the x-coordinate of the hole
in the insert. The hole was shifted on a line which had an
inclination of 30◦ with regard to the abscissa. It can be





















Fig. 5. Modulus of the magnetic induction |B| of the main dipole
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Fig. 6. Evolution of the quadrupole component b2 for three diﬀerent
excitational levels, 0.06, 0.5, and 1 times the nominal current I0 =
11800 A, as a function of the x-coordinate of the hole in the insert.
Persistent currents are neglected. The geometry is re-meshed each
time.
ﬁeld level is sensitive to small geometry changes in this
region. It is interesting to see, that the quadrupole com-
ponent is rather independent of the exact hole position at
injection ﬁeld level (I = 0.06I0, I0 = 11800 A, persistent
currents are neglected) and at I = I0/2.
Subtracting the ﬁtted line (polynomial of 3rd order)
leads to the residuum plot that is shown in Fig. 7. The
graph shows several discontinuities, especially at nominal
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Fig. 7. Residuum of b2 in % as a function of the x-coordinate of the
hole in the insert. The geometry is re-meshed each time.
ﬁeld harmonics can be explained by discontinuous topol-
ogy changes of the ﬁnite element mesh. They obviously
have a strong impact on the convergence of optimization
algorithms and decrease strongly their eﬃciency especially
if gradient based optimization strategies are used. Even
though the absolute error introduced by mesh-topology
changes is rather small (∼ 1%), the discontinuity of the
relative ﬁeld component b2 and hence the discontinuity of
the objective function will have a strong impact on the
convergence of optimization algorithms since they very of-
ten rely on the monotony of the objective function.
xhole = 17 mm xhole = 29 mm
hole holey y = 38.6 mm= 31.7 mm
Fig. 8. Meshed insert for two diﬀerent hole positions
((x, y)lefthole = (17, 31.7), (x, y)
right
hole = (29, 38.6), x = y = 0 at the
left bottom corner of the insert, coordinates in millimeters). The
two mesh topologies are very diﬀerent.
Figure 8 shows the two meshes for two diﬀerent hole
positions ((x, y)lefthole = (17, 31.7), (x, y)
right
hole = (29, 38.6),
x = y = 0 at the left bottom corner of the insert, coordi-
nates in millimeters). It can be easily seen that between
the two meshes the mesh topology has changed.
The most elegant way out of this dilemma is the ap-
plication of a morphing algorithm and hence keeping the
mesh topology unchanged.
B. Point based morphing
Morphing is a technique known from computer graph-
ics [9] and is usually used to transform pictures. Applica-
tions to investigate similarities and relationships in struc-
ture and shape of animals and plants by using morphing
algorithms are introduced in [10].
Point based morphing uses some given translation vec-
tors v deﬁned explicitly at some point locations pi,
i = 1, . . . , n (in our case the points of the contour). Then











where wi are weighting factors (in our case wi = 1) and
ppi denotes the distance between points p and pi.
Applying this algorithm to the ﬁnite element meshes
produces smooth transformations and hence conserves the
mesh topology. Figure 9 demonstrates the application of
point based morphing algorithms to magnet geometries.
In the upper two ﬁgures the mesh has been produced
for α = 20◦ whereas in the two ﬁgures below the mesh
has been produced for α = 27◦. Note the diﬀerent mesh
















Fig. 9. Demonstration of point based morphing with a simple iron
yoke for a quadrupole corrector magnet.
Figures 10 and 11 show the results of the same study as
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Fig. 10. Evolution of the quadrupole component b2 for three diﬀer-
ent excitational levels, 0.06, 0.5, and 1 times the nominal current
I0 = 11800 A, as a function of the x-coordinate of the hole in the
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Fig. 11. Residuum of b2 in % as a function of the x-coordinate of
the hole in the insert. The morphing algorithm is applied.
this time a morphing algorithm was applied to the ﬁnite
element mesh instead of re-meshing. The residuum plot
shown in Fig. 11 conﬁrms that the discontinuities observed
in Fig. 7 came from abrupt changes of the mesh topology.
In the plot shown here these discontinuities disappeared
entirely. This fact underlines the importance of using the
morphing algorithm instead of re-meshing for optimization
or sensitivity studies.
xhole = 17 mm xhole = 29 mm
hole holey y = 38.6 mm= 31.7 mm
Fig. 12. Meshed insert for two diﬀerent hole positions
((x, y)lefthole = (17, 31.7), (x, y)
right
hole = (29, 38.6), x = y = 0 at the left
bottom corner of the insert, coordinates in millimeters). The mesh
was created for (x, y)hole = (25, 36.3) and afterwards the morphing
algorithm was applied.
Figure 12 shows two meshes for the same hole po-
sitions as in Fig. 8 but with a mesh created for
(x, y)hole = (25, 36.3) (coordinates in millimeters), and
afterwards adapted by applying the morphing algorithm.
The mesh topology is unchanged.
VII. Conclusion
A new mesh generator using geometrical domain de-
composition has been implemented into ROXIE 8.0. It
produces 8 noded (higher order) quadrilateral ﬁnite ele-
ments which can exactly model the material boundaries
and are favorable for 3d calculations. Many design fea-
tures useful for the modeling of superconducting magnets
have been deﬁned as macros. Diﬀerent parts of the mag-
net (yoke, collar, vacuum vessel etc.) can be combined
through “include” commands in the input ﬁle. Point
based morphing algorithms have been implemented in or-
der to transform the ﬁnite element meshes smoothly and
without topology changes during optimization. The re-
sults of the ﬁeld-error calculations for the LHC main bend-
ing dipole have been presented as an example.
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